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A B S T R A C T
The electrochemical stability of the buried metal-organic coating interface of painted metal is crucially
governed by how effectively the oxygen reduction reaction at the interface is inhibited. As this interface is
not directly accessible for study by conventional electrochemical techniques, a new non-destructive
method has been developed wherein hydrogen permeation is used to quantitatively measure the oxygen
reduction kinetics underneath the coatings. Presented here are results obtained with an adaptation of the
Devanathan-Stachurski cell where the oxygen reduction reaction kinetics on the coated exit is probed by
monitoring the dynamic electrochemical equilibrium potential established as a result of oxygen
reduction and hydrogen oxidation reactions. From the hydrogen uptake on the entry side thus a full
current-potential relationship curve (I (U)) can be constructed. First tested on non-coated Palladium, the
results show very good concurrence of the oxygen reduction currents from the permeation experiments
and that from standard cyclic-voltammetry (CV) measurements in buffered and non-buffered acidic
electrolyte and under alkaline condition. Initial results obtained on coated samples are also presented.
ã 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The role of the oxygen reduction reaction (ORR) in biological
processes such as respiration [1], in energy conversion systems,
such as proton exchange membrane fuel cells [2], and corrosion of
metals [3] makes it one of the most studied reaction. ORR plays
also a crucial role in cathodic delamination at a metal/coating
interface [4–10]. The mechanisms of delamination originating
from a defect in the metal/coating interface are well established
[5–10]. At the defect site, there is anodic dissolution of the metal
providing electrons for the cathodic oxygen reduction reaction.
However, at the intact substrate/coating interface, since oxygen
can still diffuse to reach the interface, ORR can still proceed,
although at a diminished rate, while metal dissolution is nearly
completely inhibited. By galvanic coupling, this then causes the
progressive destruction of the intact metal/coating interface.
Since the ORR is the driving force for the electrochemically
driven degradation of the metal-coating interface, the quantitative
measurement of ORR rate and its further inhibition are the
prerequisites when designing coatings for corrosion protection.
Protective coatings have demonstrated their ability to provide
strong inhibition of the cathodic ORR and decreased anodic* Corresponding author. Tel.: +49 2116792303.
E-mail address: dandapani@mpie.de (D. Vijayshankar).
http://dx.doi.org/10.1016/j.electacta.2015.12.030
0013-4686/ã 2015 The Authors. Published by Elsevier Ltd. This is an open access article undissolution of the metal. Early reports by the group of Stratmann
[8–10] demonstrated the possibility to study the localized
electrochemical ORR at the buried interface employing the
Scanning Kelvin Probe (SKP) technique. SKP is the only electro-
chemical technique that is able to provide direct information about
the corrosion potentials as a function of time and local position at
the buried metal/coating interface. However the SKP is a
potentiometric technique and cannot provide direct quantitative
information about the interfacial reaction rates at the buried
interface.
It would be highly interesting if one could measure the
electrochemical ORR at the buried interface, because this would
give direct information about reactivity of this interface and
advance our understanding of delamination and the correlation
with the interfacial properties. Conventional electrochemical
techniques rely on polarizing the working electrode in a three
electrode setup for studying the ORR, but at the buried interface,
this cannot be non-destructively applied. Here, a new robust
technique based on an adaptation of the Devanathan-Stachurski
cell is introduced where the role of permeating hydrogen is
extrapolated as a reducing agent [11] for the oxygen reduction
reaction.
The Devanathan-Stachurski permeation technique is well
established for measuring the diffusion constant of hydrogen
and the characteristics of trap sites in metals [12,13]. The
standard Devanathan-Stachurski setup consists of a doubleder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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material of interest from aqueous solution on one side by
galvanostatic or potentiostatic charging (entry side), followed by
its absorption and diffusion in the bulk, and ﬁnal oxidation by anodic
polarization on the other side (exit side). The measured exit side
current provides direct information about the quantity of hydrogen
that has permeated through the sample. In this work a modiﬁed
Devanathan-Stachurski setup with palladium as the working
electrode was made use of, where instead of polarizing the exit
cell, oxygen was introduced as an agent for oxidizing the permeating
atomic hydrogen. For the ﬁrst experiments Palladium (Pd) was
chosen assample materialbecauseof its highpermeabilityandready
uptake of hydrogen and its favorable catalytic activity for the ORR.
Here, as a ﬁrst step the oxygen reduction current deduced from
such a permeation based potentiometric experiment is proven to
indeed follow the current-voltage characteristics of the oxygen
reduction reaction on a bare Palladium surface. Thus the hydrogen
entry side current is employed to provide direct information
regarding the oxygen reduction rate on the exit side at steady-state
conditions. Further, this technique is introduced as a reliable
method to measure uniquely interfacial oxygen reduction rates
underneath coatings. The ability of this potentiometric approach to
directly monitor the ORR kinetics underneath coatings non-
destructively in a two-electrode setup is shown.
2. Experimental
2.1. Materials
Pd (99.99%) foil with dimensions of 25 mm  25 mm  0.025 mm,
used as the working electrode and Au (99.99%) foil with dimensions
of 15 mm  15 mm  1 mm, used as the counter electrode, were both
purchased from Goodfellow Cambridge Limited. Stock solution of
1 M H2SO4 (0.2% accuracy) was purchased from VWR International
GmbH. Chemicals NaOH, CH3COONa and glacial CH3COOH (100%)
were purchased from Merck KGaA Darmstadt. Poly(vinyl butyral-co-
vinyl alcohol-co-vinyl acetate) (PVB) with an average molecular
weight 50,000–80,000 and Octane thiol (OT) (98.5%) was purchased
from Sigma Aldrich.
2.2. Equipment
Commercial Ag/AgCl reference electrodes (0.23 V vs standard
hydrogen electrode (SHE)) from Radiometer Analytical SAS, FranceFig. 1. (a) Schematic representation of experimental setup: 1—Working electrode (Pd m
(Au foil with glass shield); 4—Copper tape; 5—Ar/O2 gas inlet and outlet; 6—PTFE jointwere used in all measurements. All the potentials expressed here
are with respect to Ag/AgCl reference electrode. The experiments
were conducted with the help of an in-house analog potentiostat
(JAISSLE Potentiostat-Galvanostat IMP 88) and an Ivium COM-
PACTSTAT electrochemical interface (B060408) potentiostat.
2.3. Methods
The cyclic voltammetry scans were carried out at 1 mV sec1.
0.1 mol dm3H2SO4 solution was prepared by diluting 100 ml of
1 mol dm3H2SO4 with 900 ml of distilled water. The pH of 0.1 mol
dm3H2SO4 was in the range of ca. 0.97–1.1. 0.1 mol dm3 NaOH
solution was made by dissolving 4 g of NaOH pellets in 1000 ml of
distilled water. The pH of 0.1 mol dm3 NaOH was 12.8. 0.1 mol
dm3 acetate buffer was prepared by mixing 6 ml of 100%
CH3COOH, 13.6 g of CH3COONa. 3H2O and ﬁlling up the remaining
volume with distilled water to make 1 L of a solution. The pH of
0.1 mol dm3 acetate buffer solution was 4.7. PVB coated Pd was
prepared by spin coating a 5 wt% PVB solution on the bare Pd
surface either twice or 8 times consecutively at 45 rps for
20 seconds per run. The coated sample was then dried in an oven at
75 C for 1 hour. The thicknesses of the corresponding PVB coatings
estimated using ellipsometry were 1.2 mm (in the following
referred to as PVB_1) and 2 mm (referred to as PVB_2) respectively.
An octane thiol (OT) self-assembled monolayer ﬁlm on one side of
the palladium membrane was prepared by immersing the
palladium for 24 hours at room temperature in a 103mol dm3
solution of OT in ethanol, followed by rinsing with ethanol,
isopropyl alcohol and drying in N2. One set of samples was used
without further treatment while another set of samples was
further spin coated with a thin PVB ﬁlm (1.2 mm of PVB) to prepare
a composite coating (OT + PVB_1). Fig. 1 shows the Devanathan-
Stachurski permeation setup used in this study. The surface area of
the working electrode mounted between the two electrochemical
cells exposed on both sides to the electrolyte was 0.3286 cm2. Each
cell contains a Luggin capillary for the Ag/AgCl reference electrode
and a thin square gold sheet as the counter electrode. To prevent
dissolved gold residues from the counter electrode to deposit on
the working electrode under high current density conditions, a
protective glass shield with a frit covering the gold counter
electrode was made use of. The hydrogen entry side is ﬁlled with
0.1 mol dm3H2SO4 and maintained in an Argon atmosphere from
which hydrogen is produced by cathodic polarization under
potentiostatic conditions. The hydrogen exit side contains eitherembrane); 2—Reference electrode (Ag/AgCl Luggin capillary); 3—Counter electrode
; 7—Draincock and (b) scheme for measuring oxygen reduction rate.
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buffer in an argon or oxygen atmosphere depending on the
requirement of the experiment under investigation. In case of a
classical Devanathan-Stachurski study, the exit side is anodically
polarized in an argon atmosphere whereas for the study of the ORR
kinetics the permeating atomic hydrogen is oxidized by an oxygen
atmosphere. When monitoring current or potential values, a
steady state is allowed to reach for 30 minutes before measure-
ments are noted down. The inlet and outlet for gas is made from
glass while there is a drain cock at the bottom of each cell for
removing the electrolyte.
3. Results and Discussion
Fig. 2 shows the results of typical permeation experiments
performed with 0.1 mol dm3 H2SO4 on both the entry and exit side
(Ar purge both sides). The entry side was cathodically polarized to
values where hydrogen reduction and absorption reaction begins
to take place. A linear concentration gradient in the Pd membrane
is established by anodically polarizing the exit side. In this way, all
the dissolved atomic hydrogen permeating through the Pd
membrane is oxidized. (H activity on the exit side is zero). The
corresponding reactions happening at the entry and exit side are as
shown below [14].
Entry side H þ þ e þ Msurface?MsurfaceHadsðVolmer reactionÞ
ð1Þ
MsurfaceHadsþMsubsurface?Msurface þ MsubsurfaceHabs ð2Þ
MsubsurfaceHabs!diffusion MHabsðbulkÞ ð3Þ
Exit side MHabsðbulkÞ?MsurfaceHads ð4Þ
MsurfaceHads?H
þ þ e þ Msurface ð5Þ
where the subscripts “ads” and “abs” mean adsorbed and absorbed
respectively and Msurface and Msubsurface refers to the empty surface
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Fig. 2. (a) ientry vs. Ventry on palladium at various Vexit (b) ientry vs. iexit for different values 
and not a linear ﬁt. 0.1 mol dm3 H2SO4 was present in both the entry and exit cells (AFig. 2a shows the relationship between the hydrogen evolution
entry current (ientry) and hydrogen entry side applied potential
(Ventry) for different values of exit potentials (Vexit). The exponen-
tial variation is reminiscent of the classical Butler-Volmer
relationship indicating that the bipolar palladium electrode
functions as a characteristic cathode on the entry side. Fig. 2b
plots the ientry vs. hydrogen oxidation exit current (iexit) for
different values of Vexit after steady-state is established. The idea is
to prove that all the hydrogen formed at the entry side is oxidized
at the exit side, i.e. is quantitatively detected. Indeed there is a clear
one-to one linear relationship (slope = 1) in the potential range
investigated here indicating that there is negligible recombination
to H2 and the hydrogen absorption reaction is the dominant
reaction on the entry side. Thus ientry = iexit for sufﬁciently positive
Vexit. (The permeation current is always equal to iexit). However,
there seems to be a decrease in the ientry values for Vexit = 0 mV
when Ventry is below -200 mV pointing to incomplete oxidation of
permeating atomic hydrogen due to lack of sufﬁciently high Vexit.
In order to investigate this it is ﬁrst important to understand
that for the success of this approach it is necessary to maintain
[Hexit] = 0. This implies one needs to ﬁnd out the threshold/limiting
Vexit needed for complete oxidation of H to H+. To this end, iexit was
recorded as a function of Vexit for different Ventry values. The
experiment is carried out by applying at the start of the
measurement the same potential on the entry side and the exit
side, thereby starting more or less at equilibrium. Precisley, the
OCP measured at the exit side before the polarization is started is
initially applied. In this condition the same atomic hydrogen
concentration exists throughout the sample. Note that a slight
gradient will prevail on the exit side due to a small loss of H by
recombination (reﬂected in the slight deviation between entry and
exit potentials at zero exit current, see Fig. 3 zoomed). This is the
zero exit current condition at the start of the experiments where
there is no H oxidation and only slight H recombination. Once the
exit potential is shifted to more anodic values, H oxidation begins
with the concurrent increase in gradient and decrease in [Hexit]
until it becomes zero.
This kind of polarization yields curves that consist of two
regions–(i) iexit increases with Vexit and (ii) iexit is independent of
Vexit (see Fig. 3). Region (i) indicates the incomplete extent to
which the hydrogen oxidation reaction takes place ([Hexit] 6¼ 0).
Region (ii) indicates no further change in iexit with Vexit pointing to
complete oxidation of all permeating atomic hydrogen species.0.0 0.5 1.0 1.5 2.0 2.5
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of Vexit on palladium at steady state conditions. Dashed line is only a guide to the eye
r purge both cells).
Fig. 3. iexit variation as a function of Vexit for stepwise different Ventry. At
Vexit Ventry (equilibrium), iexit = 0 (see zoomed). V0exit is also indicated.
Fig. 4. Veriﬁcation of the concept of measurement of the potential of the working
electrode at the exit side by exploiting the electrochemical equilibrium potential
established as a result of hydrogen uptake at the entry side leading to equilibrium of
hydrogen throughout the electrode. Exit side OCP vs entry side cathodic potential is
shown for different electrolyte environments (all Ar purged in order to keep out
oxygen). Entry side is under argon atmosphere and contains 0.1 mol dm3H2SO4 in
all conﬁgurations. Also shown is the case for the presence of oxygen (oxygen purge
at the exit side, acidic solution of pH 1).
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which the measured equilibrium exit potential Veq exit must exist to
ensure that the assumption ientry = iexit holds true. Here, Veq exit is
the open circuit potential at the exit side established as a
consequence of equilibrium between absorbed hydrogen atoms
in the Pd, adsorbed hydrogen atoms at the exit side and protons in
the electrolyte (i.e. the potential of the corresponding hydrogen
electrode). More cathodic values of Ventry gives rise to higher ientry
which in turn gives rise to higher iexit (higher amount of hydrogen
permeation). It has to be pointed out here, that the overall current
values presented in Figs. 2 and 3 are different, although the same
values are to be expected. This is attributed to different batches of
palladium samples. The different electrochemical activity (current)
for the catalytically controlled hydrogen evolution reaction at the
entry side is a result of different batch of Pd samples (such as
differences in average grain orientations, surface roughness, etc. of
the polycrystalline foils that have just been chemically cleaned, but
were not mechanically polished because of the low thicknesses).
The next set of experiments deviates from the classical
Devanathan Stachurski scheme. While uptake of hydrogen by
cathodic polarization is still enabled on the entry side, now
accumulation of this hydrogen in the palladium is allowed by not
anodically polarizing the exit side (open cell potential, i.e. iexit is
always zero in this case). This will lead to the establishment of an
equilibrium concentration of hydrogen in the Pd deﬁned by the
entry potential, see above and for eg. [15]. The corresponding
equilibrium potential on the exit side Veq exit according to the
Nernst equation is:
Ecell ¼ E0cell  0:059log
H½ 
½Hþ ð6Þ
This OCP is monitored and it is observed how this Veq exit varies
with the accumulation of hydrogen inside palladium. The intial
OCP of palladium not yet containing dissolved hydrogen is, as
typical for a noble metal electrode, relatively high, usually in the
range of 500-550 mV (at pH 1). As soon as hydrogen accumulation
occurs, due to the formation of the hydrogen elecrode at the exit
side, the potential starts to shift cathodically until the equilibrium
potential is reached. Plotting the Veq exit values vs Ventry at various
exit cell environments reveals three different regions (Fig. 4). The
Veq exit behaves linearly with slope one to Ventry over a wide range
of 400 mV (Region (b)) for all investigated electrolytes at the exitside. In this range there is equilibrium between entry and exit
sides. The shift in the Veq exit of the curves is due to the shift in pH
respectively at the exit side according to Eq.6. For instance; there is
a shift of 240 mV in the Veq exit in the buffer electrolyte with respect
to the acid electrolyte. This is in agreement for a pH shift of 4 units,
corresponding to 4  59 mV = 236 mV. Only at very high Ventry
(Region (a)) above 200 mV, the Veq exit loses its linearity due to very
low hydrogen activity on the exit side. Because of this low
hydrogen activity the time taken to establish equilibrium at the
exit side might be too long to monitor. Also, below around -200 mV
(Region (c)), the Veq exit is pinned due to the coexistence of the
binary phase: a-Pd-H (hydrogen dissolved in palladium) and
b-Pd-H (palladium hydride) over a wide concentration range. This
behavior was also reported using the SKP [15–17]. The shift in this
pinned potential is again due to the shift in pH for the acidic, buffer
and alkaline electrolytes.
Now, the new approach of coupling oxygen with hydrogen
permeation in the modiﬁed Devanathan-Stachurski setup is
introduced. The idea is to obtain full I(U) curves by measuring
the potential resulting from dynamic equilibrium of oxygen
reduction and hydrogen oxidation on one side and the corre-
sponding hydrogen entry current density at the other side. Oxygen
will act similar to an applied anodic potential sufﬁcient to oxidize
all the permeating atomic hydrogen [11,18]. In this way due to a
direct coupling of the hydrogen oxidation and oxygen reduction
reactions a dynamic electrochemical equilibrium is thereof
established at the exit side.
4Hads þ O2 ! 2H2O ð7Þ
In Fig. 5 the hydrogen permeation/oxidation curves for different
entry potentials (results from Fig. 3) are schematically sketched
together with a representative cathodic curve for the oxygen
reduction. Note here that with stepwise increase in the magnitude
of cathodic entry potentials (points 1,2,3,4 in green) there is
increasing hydrogen permeation as illustrated. Note that at
Vexit Ventry, iexit is equal to zero. The aim of this schematic is to
identify the equilibrium potential at the exit side when there is a
dynamic equilibrium between oxygen reduction and hydrogen
oxidation reactions. Now, the open cell potential at the exit side is
Fig. 5. Scheme of the mechanism of the proposed technique. “ iexit” here refers to
the deduced cathodic and anodic current densities at the exit side. Positive exit
current vs exit potential represents the hydrogen oxidation reaction for stepwise
increase in the magnitude of applied cathodic entry potential while negative ones
represent the oxygen reduction reaction. At equilibrium both have the same value.
Arrows show the chronological sequence of steps behind the experiment. Points
1,2,3,4 (in red) depict the exit side equilibrium potential for the corresponding pair
of equilibrium reactions while points 1,2,3,4 (in green) show the stepwise increase
in the magnitude of applied cathodic entry potential (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.).
Fig. 6. Oxygen reduction current vs exit potential determined from cyclic
voltammetry and I(U) curve deduced from permeation current and equilibrium
potential in (a) 0.1 mol dm3 NaOH with pH = 12.8, 0.1 mol dm3 acetate buffer with
pH = 4.68, 0.1 mol dm3 H2SO4 with pH = 1.1 (b) PVB coated Pd in 0.1 mol dm3
H2SO4 (c) OT-PVB composite coated Pd in 0.1 mol dm3 H2SO4.
D. Vijayshankar et al. / Electrochimica Acta 189 (2016) 111–117 115deﬁned by equal magnitudes of current density of the anodic
hydrogen oxidation and of the cathodic oxygen reduction. At the
start of the permeation experiment, a small hydrogen permeation
current (corresponding to 1st (in green), least cathodic, entry
potential) results. This, when combined with the oxygen reduction
curve, and applying the condition that the anodic hydrogen
oxidation and cathodic oxygen reduction current density must be
equal, one identiﬁes open cell potential 1 (in red). Based on the
above condition, with increasing hydrogen permeation (indicated
by numbers 2,3,4 (in green) entry potentials), there will be a
corresponding increase in the anodic hydrogen oxidation current
density. For reaching stable steady state (open cell conditions, this
will require a shift in potential in order to increase the oxygen
reduction current correspondingly and hence the exit side open
cell potentials 2,3,4 (in red) will evolve as shown schematically in
Fig. 5. Note here that the red arrows indicate the cathodic shift of
the open cell potentials 1,2,3,4 (in red) also with increasing
hydrogen permeation. Also, note that due to the onset of ORR
already at higher potentials as compared to hydrogen reduction, in
oxygen containing environment the exit side potential is always
more anodic than in the absence of oxygen.
Fig. 4 also shows the experimentally measured dependence of
this Veq exit on Ventry with O2 purge on the exit side. It can be clearly
seen that with O2 the potential is pulled up. For instance; at
Ventry = 0 mV, in the presence of O2, Veq exit is pulled up by 450 mV
as compared to that in the presence of Ar. Note that with the
sufﬁciently positive anodic potential provided by O2, the exit side
does not follow the linear region (b) or the evolution into the
binary phase region (c) in contrast to that found in the presence of
Ar. This is because the equilibrium of the hydrogen electrode
between the entry and exit side is no longer valid in the presence of
O2. The exit side is now purely governed by the oxygen reduction
kinetics.
Now, the motive is to correlate the open cell potential Veq exit (For
eg; 1,2,3,4 (in red)) established as a result of the dynamic equilibrium
between hydrogen oxidation and oxygen reduction reactions with
the corresponding hydrogen entry current ientry. This correlation
provides the desired I(U) curve. Fig. 6a demonstrates that the
permeation based potentiometry experiment generates I(U) curves
that indeed follow the cyclic voltammogram (CV) characteristics forthe oxygen reduction reaction on the bare Pd surface in O2 saturated
acid, alkaline and buffer medium. These I(U) curves are constructed
from the two dependent variables, ie. hydrogen entry current ientry
and resulting exit side equilibrium potential Veq exit. The sound
match between the ientry at the corresponding equilibrium
potentials Veq exit from the permeation based potentiometry
technique to that of the oxygen reduction currents obtained from
standard CV measurements is indeed a good proof that the correct
ORR current is obtained by this technique. The assumption that
ientry = iexit which was earlier made in order to derive the I(U) curve
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potentiometric approach of obtaining the oxygen reduction current
from the modiﬁed permeation technique and provides direct
information regarding the oxygen reduction kinetics.
The use of this approach in determining the ORR kinetics
underneath coatings is outlined in Fig. 6b,c. Two different aspects
have been investigated. First, the aspect of coating thickness was
investigated. Two different thicknesses of polyvinylbutyral (PVB)
were spin coated on Pd. PVB_1 is 1.2 mm thick while PVB_2 is 2 mm
thick. Moreover, it can be safely assumed that the 8-fold spin-
coated thicker coating is void of any pinholes, while the thinner
one is expected to still contain some. The interface to the metal is
expected to be absolutely identical for both cases.
The other aspect was the modiﬁcation of the interface. For this
ﬁrst, an octane-thiol (OT) self-assembled monolayer ﬁlm was
prepared (refer to the experimental section) on one side of Pd.
Then, a 1.2 mm thick PVB ﬁlm was deposited on top of this octane-
thiol self-assembled monolayer ﬁlm by spin coating to result in a
composite coating (OT + PVB_1). Such thiol self-assembled mono-
layer ﬁlms are highly molecularly ordered [19,20] and show a
strong inhibition of oxygen reduction [21–23].
Plots of the I(U) curves for the bare Pd, PVB_1 and PVB_2 surfaces
with corresponding CV characteristics for ORR in 0.1 mol dm3
H2SO4 are presented in Fig. 6b. First we see a coherent match
between the CV characteristics and ORR currents from the
permeation based potentiometry approach for the bare Pd. Clear
delay in the onset of ORR for coated samples as compared to bare Pd
fromthe approach indicatesthe roleof coating in inhibiting the ORR.
Also after onset of ORR, the decreased ORR currents on the coated
samples as compared to the bare Pd surface can be seen highlighting
the function of the coating in suppressing the ORR.
A stark contrast between ORR currents estimated from the
permeation based potentiometry technique and that from the CV
characteristics for the case of PVB coated Pd (both PVB_1 and PVB_2)
is seen. In fact the CV measurement on PVB_2 shows no ORR current.
Since the classical 3-electrode electrochemical measurement
requires a transport of ions between the counter electrode and
working electrode, it does not work for the both the PVB coated
samples, most likely due to the absence of pinholes and/or
impermeability of these coating systems for ions. The corresponding
high impedance (Ohmic drop) of the PVB obstructs the direct
measurement of electrochemical ORR rates that occur at the
interface using the CV technique. Ionic conductivity is a fundamental
necessity for current ﬂow throughout the circuit as it is the
counterpart for electronic conductivity. The lack of ionic mobility
prevents signiﬁcant external current ﬂow in the traditional setup. On
the other hand, the new permeation based potentiometry approach
directly accesses the ORR current in the form of interfacial charge
transfer process occurring between hydrogen atoms exiting at the
buried interface and molecular oxygen that can easily diffuse
through the coating. There is no ion transport involved in this
method that distinguishes itself from the traditional CV technique.
Similar ORR kinetics for both PVB_1 and PVB_2 obtained by the
permeation based potentiometry technique, points to the fact that
the interfacial reaction kinetics are governing the overall oxygen
reduction rate and diffusion of oxygen through the coatings does
not play a determining role here. In other words: this new
technique really measures the true reaction kinetics at the buried
interface. The ORR currents on the composite coating OT+PVB_1
(see Fig. 6c) are further inhibited and lower than that on PVB_1 and
PVB_2 (see Fig. 6b). This further conﬁrms the capability of the
permeation based potentiometry approach to uniquely character-
ize the kinetics of the interface. Clearly to be seen are the delayed
onset and reduced magnitude of ORR currents in the permeation
based potentiometry approach. Further from Fig. 6c, the CV on just
OT modiﬁed Pd initially matches the ORR currents on OT+PVB_1 from the permeation based potentiometry approach but
as the potential approaches +100 mV the oxygen reduction
currents do not increase further with decreasing potential. This is
also the case for the not PVB covered OT SAM but at much higher
currents. This behavior is quite typical for oxygen reduction on
such thiol SAMs (see e.g. [23]) and may be correlated to diffusion
control of oxygen through the SAM (although it is only about a nm
thick), that is in this case promoted by the PVB coating on top. Note
that the PVB coating itself would allow much higher current
densities (see Fig. 6b). The permeation based potentiometry
approach is thus indeed an interface sensitive technique that
gives a molecular level understanding of the kinetics of the ORR.
4. Conclusions and Outlook
In essence, the viability of using the hydrogen permeation as a
tool to determine the oxygen reduction kinetics at buried
interfaces has been studied. At equilibrium, one can gain direct
access to the oxygen reduction rate at the exit side from the
hydrogen entry side permeation current. The dynamic electro-
chemical equilibrium thus established at the exit side provides a
means to monitor the potential of the working electrode at the exit
side. The oxygen reduction rate estimated from the permeation
based potentiometry approach is consistent with the current-
voltage (CV) characteristics of the ORR on a bare palladium surface
when polarized in acid, alkaline and buffer environments. In
systems with coatings, one can directly access the buried interface
because of the underlying principle of interfacial charge transfer
between molecular oxygen and permeating atomic hydrogen. Thus
a new potentiometric approach to measure the oxygen reduction
rate underneath coatings has been introduced.
Prolonged ongoing oxygen reduction at the interface with
hydrogen oxidation as counter reaction is expected to lead to
interfacial degradation, similar to the normal cathodic delamina-
tion process. First results of long term measurements that are
subject of ongoing research show this. We think that also here this
happens due to the formation of intermediate radicals. This is one
important focus of future research.
Further, while the above work so far was focused on the coating/
Pd interface only, in future studies also the interfacial reactivity for
other, more relevant metals will be investigated. However, for
metals such as iron or zinc, it might be difﬁcult to ensure the
required hundred percent uptake rate at the entry side, when bulk
metals are used. Hence, for these experiments ultra-thin ﬁlms of
the metal of interest will be evaporated on the Pd membrane
instead, and the organic coating will be then applied on top. Such
an ultra-thin metal ﬁlm of 10-20 nm should not have a signiﬁcant
effect on the H uptake at the entry side of the Pd membrane. Of
course, such ultra-thin ﬁlm coatings will not be suitable for
studying ORR at interfaces at advanced stages of degradation, as
e.g. no prolonged anodic metal dissolution can be provided. This
will mean that for metals such as zinc where anodic dissolution
quickly follows the cathodic delamination only the ORR at the
intact interfaces and very early stages of delamination can be
studied. But already this will be of great importance.
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